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Abstract 
The paper presents the results of a study developed in order to highlight the effect of a visual stimulus on driving behavior. 
One bidirectional route and three different lighting conditions were monitored: a reference scenario with light evenly spread; a 
second and a third scenario, with an attenuation of light.  
The results highlighted the role of the environmental brightness on driving behavior, all other conditions being equal. In 
particular, the effect of darkness on drivers’ actions displayed the difficulties that arise in the interpretation of volumes, spaces 
and distances when the perception of the road environment worsens. 
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1. Introduction 
Human vision is a complex phenomenon that affects the cognitive processes of driving. For this reason it is 
one of the most important aspects to be considered in road safety research. It may be investigated in a real 
environment or in a virtual simulator: in the former case the behavior of the users is observed directly on the 
infrastructure; in the latter, after having designed theoretical visual stimuli, the reactions are monitored in 
controlled conditions. A behavioral study correlated with the mechanisms of human vision can be conducted in 
either environment, as they both present strong points and weaknesses that have been amply discussed and 
criticized in the scientific literature. In particular, the simulation in a virtual environment is distinguished by the 
ease of adapting the test environment to the operative and research requirements; nevertheless, it must be 
supported by experiments that evaluate the real relationship between man, vehicle and infrastructure. This means 
that, that in order to study the perception of road space in an abstract context, the variables that prompt human 
reactions must be transferred to the simulator.  
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The first problem to be solved regards the visualization in real time. The simulation must be on a suitable 
frequency (30-60 Hz); it has to appear fluid and of high quality. These are essential prerequisites and can be met 
with appropriate hardware, advanced software and plenty of time available for the creation of the simulation 
database [01][02][03][04]. As happens in all complex systems, the speed at which events evolve must be taken 
into account. With reference to humans fast events can be distinguished from slow ones; events that are 
completed from those partial, or transitory. In both circumstances, the eye adjusts to environmental conditions 
and continuously changes the way of reacting to light [5]. However, it also has to be considered that the eye 
quickly tires in constrained conditions, so it is advisable to design tests that are simple and of brief duration.  
When attempting to represent a real event, there is a tendency to simplify the concepts linked to visual 
perception, focusing attention on the capacity to distinguish the attributes of an object (for example outline, 
protrusions, color, transparency). In reality this does not depend exclusively on the minimum dimensions of the 
details that can be distinguished, but rather on the mode and time necessary to perfect the attributes of an object 
[4]. Within the ambits of programming, the details reduce the distance between abstract and real, but increase the 
times of calculation and projection: average luminance, cylindrical luminance, day-night light glare, overcast sky, 
horizontal and vertical luminance of wide open spaces, patches of sunlight, street lights (position, size and 
luminance), traffic lights, road signs and reflective planes, elements of shadows (scales of shadows, radiance and 
opacity) such as track side objects, shadows of buildings or complex objects (trees, bushes fences). These 
elements act on the subject contemporaneously and prompt both the sensory and motor systems. The theory 
supported by various authors is that the environmental factors, and in particular those of illumination, are simply 
attributes of a standard type [6][7]. Therefore, to represent the phenomena linked to perception of the road space, 
in conditions of abstract light, it is also necessary to study the conditions that influence the receptive field in the 
simulator.  
Research in this field is controversial because there are many variables and it is difficult to establish a 
hierarchy for their interactions. Vision depends on the subject and follows a pattern consisting of three phases: 
photopic, scotopic and mesopic. Photopic vision is characterized by high levels of light, typical of daytime 
conditions. The photoreceptors used to represent the images are cones. The reaction to the environment is defined 
by a low sensitivity to variations of light, visual acuity and an optimal color vision. Scotopic vision represents the 
condition opposite to the photopic one. In this case, the light levels are very low and the photoreceptors used are 
rods. The light sensitivity is high, acuity is poor and with the decrease in the light level the perception of colors is 
also compromised. Between these two extremes there is an intermediate operating mode, mesopic vision, in 
which both receptors are activated: the eyes seek an equilibrium that optimizes the attributes of the image [8][9]. 
As the environmental light varies along the entire route (brightness of an object or background, contrast between 
objects, time available for seeing, glare), the photoreceptors used also vary. 
The issue of the perception of the environment is therefore not simple, so it is generally overcome by setting 
the environmental attributes on standard values. In the majority of daytime simulations the vision is 
photopic/mesopic; for the nighttime, the active/passive illumination produced by the projection systems and 
simulator do not create the theoretical conditions for a scotopic phase. Nevertheless, this is the context normally 
used to define the background light [10] [4] [11][12], for a simulation in “day/night lighting” with set parameters 
and to simulate conditions of increased accident risk. 
In recent years, road accident statistics have indicated the lighting conditions which increase accidents. These 
are the periods of the day when the transition from photopic to scotopic vision occurs [13][14]: at dawn and 
twilight. The artificial lighting is generally turned off or ineffective; the car lights are also less efficient, because 
the diffuse light determines a uniform background that reduces contrast [15][16]. In the majority of these cases, 
the driver operates in the mesopic region, in which the behavior of the eye is not well defined, the measuring 
scales have not yet been agreed at international level [15][17], and the uniqueness of each eye becomes a 
dominant factor [18]. 
Based on these premises, the authors developed an experiment that focuses attention on the visual 
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performances linked to the environmental conditions during the simulation. In particular the effect of the 
environmental light level on speed is observed, in stationary photopic/mesopic conditions, with intermediate light 
between day and night, in a real environment reconstructed on the computer. The results of an investigation on 
the driving behavior of volunteers subjected to a full immersive experiment are analyzed, in which only the 
conditions of environmental light were varied, leaving aside other types of transitory events (car, signs, people). 
To represent the variation three driving scenarios were proposed on a single layout. In this case the road 
geometry was not modified, because this would represent another system variable that would involve the analysis 
of alternative routes. The projection speed and updating frequency of the simulation were not modified; dynamic 
elements that might create a distraction were excluded. In this way it was possible to observe the direct effects of 
the variation of environmental light on driving speed, in conditions of natural adaptation. 
2. Methods 
The results of the research conducted up to now have shown that driving speed decreases as the level of 
illumination reduces [19][20]. This reflects the choice of the road user to adapt his behavior to the different 
visibility, while maintaining safety. However, it has to be understood how and to what extent this happens. In the 
studies on driving behavior based on a simulator there is a strong simplification of reality, because the driving 
speed is different from that perceived. This is because the speed chosen by the driver is measured, while it is 
difficult to analyze a subjective perception of the effect created by the changes of perspective in a virtual 
environment (at high frequency it appears continuous, but in reality it is an inconspicuous sequence of stills). In 
many cases described in the literature this effect is ignored, while the results of experiments conducted in the 
field of medicine demonstrate that a cause and effect relationship exists between the stimulus and the 
environment [20][21]. When the stimulus is simple and attracts the attention of the subject, when the dynamics of 
the simulation are fluid and do not appear unnatural, then the speed at which the environment moves is negligible 
and the experiment is unaffected.  
In the experiment described the speed of the simulation does not alter, because this is not included in the 
research project protocol [22]. However, a preliminary investigation provided the tools to optimize the ratio 
between the speed of the simulation and the driving speed in the real environment. The study forms part of a 
standard test format that involves 16 driving tests [23]. In this investigation it emerged that the simulation with 
full immersion tends to tire the subjects; for this reason it was decided to reduce the length of the route so that 
less than 2 minutes are required for each test. For the same reason the experiment does not take up more than 20 
minutes in any one day. A sample of 57 volunteers participated in this phase of the project, completing the 
protocol. The average age was 25.3 years (S.D. = 4.8), and included 41 males and 16 females. The age and 
gender distribution are compatible with the population examined in the whole project (mean age 24.8 years SD = 
4.47, of whom 68.3% are male and 31.7% females).  
The study was conducted utilizing the driving simulator of the HTLab (Figure 1), which consists of a 
projection helmet and a basic structure attached to the head. The projection system is the Virtual Research 
Systems V8 Head Mount Display. An active-matrix LCD monitor projects high-resolution images at 680x480 
pixels on 3 different screens, with stable colors and luminosity. The system completely cocoons the subject: the 
visual field is not affected by agents external to the helmet. The hardware is composed of a computer and a 
graphic file of 2 Mpixel equipped with an image separator; each eye receives a different image calculated by the 
PC, which coordinates the images with the head movements. The projection helmet is composed of two Dual 
1.3” diagonal Active Matrix Liquid Crystal Displays, with a 60° field of vision. In the central part of the 
projection system each person generates the superposition of the images projected by the two monitors. 
The test takes place on a 1,200 m stretch of road, composed of a short basically straight stretch, followed by 
an S-shaped curve and a long stretch again essentially straight. Three driving scenarios have been prepared. A 
full description of the road geometry and construction details has been presented in other papers [21][22]. 
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Figure 1. Virtual Research Systems V8 Head Mount Display and HTLab driving simulator. 
The environment is always illuminated with diffuse light that simulates dawn and twilight conditions, and in 
order to represent the real conditions, shadow casting was disabled (Figure 2). Three phases of driving along the 
same track were organized, presented to the subjects in random order mixed with other scenarios (changing 




Figure 2 Real Environment Layout. An overview of the effect of light variations on visual perspective. Schematic representations of the 
shown environment (printed pictures may differ from the simulated environment) 
Each subject drove in the same scenario under three different conditions: luminance of 80 cd/m2 and 
attenuation levels (L) of 75 and 50%. The light is attenuated by the software that manages the simulation  
(Virtools®). It can be amplified (max 400%) or attenuated (100% to 1%). The light projected with a factor of 
100% corresponds to a luminance value of approximately 80 cd/m2. It should be specified that the “luminance 
curve” of the helmet, measured as the attenuation factor varies, is not available.  
The simulation variables were sampled at 0.300 s intervals (x300, y300, z300, v300, etc…), so each test offers a 
matrix of values of variable length. To simplify the analyses it was decided to transfer the reference from the 
sampling time to the coordinates of the driving trajectory sx,y. In this way it is possible to represent the values of 
the variables on a matrix of constant dimension. The reference points inserted in the matrix are 10 meters apart. 
The new matrix contains 121 values for each variable, which are the average of the values sampled every 300 ms, 
at a distance of less than 5 meters from each reference point.  
The speed data, of each test and for all the subjects, were statistically analyzed to verify the existence of 
relationships between the behaviors shown while driving in the three scenarios. The correlation was evaluated 
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between the speed profiles of each subject in the same positions; the relationship existing between the behaviors 
of each individual subject and the population of volunteers was also verified. 
3. Discussion 
It is rather difficult to compare driving simulators from the performance point of view because the operative 
conditions differ. Nonetheless, in all of them, it is possible to control the majority of environmental attributes, 
thus relating the abstract application to the real light conditions. In this study attention was focused on diffuse 
light and it was attempted to clarify the relationship with driving behavior.  
Although the study could be refined by tests on a real road, the results obtained in the experiments allow some 
aspects of the relationship between man and environment to be described. It appears clear that, in general, the 
speed profile adapts in accordance to the reduction in the environmental light level, in a way that also depends on 
the layout.  
Figure 3 shows that in conditions of photopic illumination (daytime, diffuse light and L=100%) the speed 
profile is fundamentally predictable: after an initial stage of acceleration of approximately 120 m, the users react 
to the sight of the first curve with an adjustment of the average speed (Vav=44.6 km/h; SD=11.87 km/h).  
 
 
Figure 3 Operative Speed Profile, L=100% (80 cd/m2). Mean driving speed as a function of distance travelled [m] (continuous red), speed 
standard deviation (continuous black) 
After this there are localized variations of the speed that are ascribable to the attributes of the road: entrance to 
and exit from the curves and adaption to the last long straight stretch. On average the speed increases until the 
end of the route (Vav=40.3+16.4sx,y km/h; 5.36ืSDื9.15 km/h), where there is a very sharp curve, which 
imposes an abrupt correction of both trajectory and speed (Vav=20.9 km/h; SD: 8.17 km/h).  
The speed once again increases until the end of the test (Vav=47.1 km/h; SD: 6.60 km/h) with a polynomial 
law. If the phase of initial acceleration is excluded, the average speed of the tests (Vav=48.6 km/h; SD: 7.26 
km/h) is comparable with the average speed measured at the checkpoints in the real environment (Figure 2; 
Vav=54.6 km/h; SD: 5.05 km/h) in the daytime. 
In the second scenario (L=75%; ref. Figure 4) the vision is mesopic, but with a prevalence of the photopic 
receptors. The behavior of one subject was more cautious (ID. 40: Vav= 26.1 km/h; SD: 3.60 km/h) along the 
whole route, while three (ID. 26, 36, 38) showed higher than expected speeds, in two cases with values of over 
100 km/h on the straight stretch (ID. 26: Vav= 70.1 km/h; SD: 20.27 km/h; ID. 36: Vav= 74.2 km/h; SD: 21.3 
km/h). Apart from these exceptions, average behavior is similar to the preceding case. Despite the light being 
reduced by 25% there is no variation of the average driving behavior.  
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The subjects again react to the sight of the first curve with an adjustment of the average speed (Vav=42.8 
km/h) and the standard deviation is also high (SD=10.75 km/h). This is because of a general difficulty in 
modifying the trajectory. The speed increases until the end of the route (Vav=38.5+19.9sx,y km/h; 5.86ืSDื
14.44 km/h) and the last curve imposes a greater correction, compared to the previous case, of both the trajectory 
and speed (Vav=22.7 km/h; SD: 12.49 km/h). 
 
 
Figure 4 Operative Speed Profile, L=75%. Mean driving speed as a function of distance travelled [m] (continuous red), speed standard 
deviation (continuous black) 
Figure 5 shows the results of the experiments conducted with a reduction in the environmental light to 50% of 
the initial value (mesopic/scotopic phase). In this case the environment appears dark, objects and the 
environmental attributes are more confused. The effect is clear: the speeds diminish markedly and the 
accelerations and decelerations linked to the geometry of the route are attenuated. The average speed on entering 
the first curve is lower than in the preceding cases (1st: Vav=44.6 km/h; 2nd: Vav=42.8 km/h; now-3rd: Vav=32.3 
km/h); the behaviors are more homogeneous (1st: SD=11.87 km/h; 2nd: SD=10.75 km/h; now-3rd SD=6.12 
km/h).  
 
Figure 5 Operative Speed Profile, L=50% (ป40 cd/m2). Mean driving speed as a function of distance travelled [m] (continuous red), speed 
standard deviation (continuous black) 
The average speed increases with an almost monotonic law (Vav=31.5+21.8sx,y km/h; 4.85ืSDื11.04 km/h), 
the last curve is tackled in a more uniform manner and at a higher average speed (Vav=24.2 km/h; SD: 8.71 
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km/h). The results have not shown extreme behaviors, but four subjects transited the road at a speed always lower 
than 40km/h. 
In the light of these results it can be observed that the reduction in the luminosity has effects that become 
progressively more marked the further one gets from the conditions of photopic/mesopic vision. Figure 6 is 
explicit in this: the greatest differences regard the scenario with L=100% and that with L=50% (Figure 6, left in 
red). The comparison between the first (L=100%) and second scenario (L=75%) does not produce obvious results 
(Figure 6, left in blue: Vav <5.0 km/h). In the first case (L=100% - L=50%) the difference between the average 
speed profiles is due to the average speed profile in photopic condition (figure 6-left red curve); in the second 
case (L=100% - L=75%) the only singularity is observed at the last curve ( Vav,max=2.63 km/h; SD=0.59 km/h); 
in the other points the difference is negligible.  
The average speed measured on the last straight stretch reduces in both cases (L=75% and L=50%); this fact 
has a positive secondary effect, because a lower speed permits the last curve to be tackled with greater safety. 
Figure 6-right reports the comparison between the profiles of average speeds of all the subjects, the reference is 
again the scenario with L=100%: the link between driving behaviors is linear in the case of the scenario with 
L=75%; the correlation between driving behaviors diminishes with the luminosity of the environment and the 
link is no longer linear, so the effect of other concomitant variables has to be identified. 
 
 
Figure 6 Operative Mean Speed Profile superposition, L=100% to L=75% – L=50%. 
It is quite clear that the variation of the speed profiles depends on the configuration of the road and succession 
of straight stretches and curves [22]. To highlight this relationship better, it was decided to arrange the matrix of 
the speed of the three experiments according to the subjects: the reference of the analysis thus transfers to the 
geometry. In every point of the trajectory (s=sx,y) all the subjects (ID=1, 2, …, 57) provide a speed value (V100,ID, 
V75,ID, V50,ID), so it is possible to create a sample ordered by subject: 57 speed values associated to the 57 
volunteers. At this point the statistics were calculated related to samples of the 3 scenarios - (Vi,ID)s and 
SD(Vi,ID)s - and a comparison was made of the statistics in each point of the road (sx,y).  
With this comparison it was possible to identify the points of the route in which higher correlation is observed. 
For example if the coordinate s=120m is considered, which corresponds to the section at the beginning of the S-
shaped curve, and for a light level of L=100%, an average is obtained of the speed values of all the subjects  
(V100,ID)120m equal to 43.36 km/h and a standard deviation SD(V100,ID)120m of 1.30 km/h;  (V75,ID)120m=42.77 km/h 
and SD(V75,ID)120m of 10.75 km/h are obtained for L=75%; while the values for L=50% are  (V50,ID)120m=32.31 
km/h and SD(V50,ID)120m of 6.12 km/h respectively. The coefficient of correlation calculated between the samples 
of speed, with reference to the values of L=100%, is equal to ρ(100;75)=-0.21 and ρ(100;50)=-0.02.  
This means that in this particular point of the route there is no correlation between the distributions of the 
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speeds of the three different scenarios. Figure 7 reports the summary of this comparison made on all the points of 
the route. 
 
Figure 7 Functional correlation between targets speed array, each point stands for the correlation value ρ obtained from population of speed 
values (Y:= correlation factor; X:= distance) 
It can be seen that in both the comparisons there is little correlation between the speed distributions, therefore 
no points on the route exist in which the distributions of speed and behaviors can be said to be related. The linear 
trend of the losses of correlation (Figure 7, green arrows) suggests that the choices in one point also depend 
locally on the choices made previously. In general it can be said that the correlation between the distributions of 
speed diminishes along the whole route, but especially on the curves and on the straight stretch (Figure 7, 
red/blue lines): in these points the difference emerges between the behaviors of the individual subjects with 
respect to the level of diffuse light in the simulated environment.  
In the light of this result it was decided to focus attention on specific points of the road geometry: start, end 
and mid-point of the straight stretches and curves. The average speed was calculated for each point, then the 
difference was calculated between the scenarios (L100-L75, L100-L50). 
  
Figure 8 Average Speed Variations on target points sx,y 
The result represents the difference between the behaviors and is summarized in figure 8: the values reported 
in the table (left) and relative graph (right) demonstrate that the link between the average speeds and the 
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geometry, summarized via the value of the curvature, is not linear. In particular, homogeneous behaviors can be 
observed for low values of curvature (on the straight stretches and final curve), while in all the other single points 
the link becomes more complex. Also in this case the result obtained is fully within our expectations: both the 
straight stretch and final curve represent geometric elements of control of the driving behavior. In these points it 
is reasonable to expect a strong acceleration (straight stretch), or a strong deceleration (curve). In all the other 
points the behavior is not the result of a local action but depends on the succession of choices that were made 
before the constraint (entering the curve) and updated when this has been passed (exit from the curve). The graph 
presented in Figure 8 reinforces the theory that reduced environmental brightness is a direct cause of a 
normalization of driving behaviors linked to road geometry. 
4. Conclusion 
This study has demonstrated the effect of the attenuation of light on driving behavior in a simulated 
environment. It confirms and reinforces the necessity to analyze the effects of light on driving behavior in an 
aggregated manner, considering the overall behavior of the subjects [24]. The first notable result regards the 
relationship between the three scenarios: it is clear that the transition between light at L=100% (80cd/m2) and 
L=75% is not sufficient to activate a relevant portion of the scotopic vision receptors, while the scenario with 
L=50% is tackled in mesopic/scotopic conditions. This result also suggests increasing the scale of variation of the 
light in order to better characterize the transition in the mesopic phase.  
The results are promising: the speeds measured in the scenario fully meet expectations and the subjective 
variations can be ascribed to controllable aspects of the geometry. It should also be highlighted that in this 
comparison it is not possible to identify classes of behavior, homogeneous for groups of subjects [22]: taken 
individually, the average speed profiles of the subjects cannot be correlated with simple laws; in addition, 57 
values of speed on each point of the route do not represent a statistically robust sample. The driving behaviors do 
not follow a linear trend: speeds reduce as the light diminishes, but this variation also depends on the point of the 
infrastructure in which it is analyzed. In the presence of a particular succession of curves and straight stretches 
the relationship between local speed and driving choices made in the immediately preceding points appears 
evident.  
Even if the number of subjects tested is higher than that normally used for studies in a driving simulator, it is 
apparent that the sample cannot be aggregated by classes of behavior: attempts to create behavioral clusters with 
psychological tests have not been successful. 
The direct link between geometry and driving behavior is also clear. The three scenarios are tackled 
independently and in casual order, but the delicate points of the route are common to all the tests (entrance to the 
S-shaped curve, exit from the succession of curves before the long straight stretch, last curve): it is at these points 
that the biggest differences are observed, in both acceleration and deceleration. In general, the succession of 
curves is approached slightly accelerating: if the subject reaches this transition at high speed, he has to make a 
brusque correction to avoid leaving the road. After the succession of curves the subjects require varying times to 
recognize the long straight stretch, however they then tend to accelerate and are not prepared for last curve. In 
good lighting conditions a worrying tendency persists to exceed the speed limit (50km/h), as happens in the real 
environment. The driving speed is reduced only when real conditions of uncertainty on driving safety are created 
(L=50%).  
It can be concluded that the effect of environmental light is an attribute of the simulation that should be 
meticulously examined in relation to the real driving conditions on the road. The effects of diffuse light in the 
mesopic field are intertwined in a complex way with those linked to the geometry; nevertheless, on the basis of 
the results obtained and taking into account the time limits of the full immersive simulation, it is possible to 
identify some geometric configurations for the layout of future experiments: straight stretches and longer curves 
(s>200m) and more complicated categories of roads. 
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